The Arabidopsis HCC1 gene is a homologue of the copper chaperone SCO1 from the yeast Saccharomyces cerevisiae. SCO1 (synthesis of cytochrome c oxidase 1) encodes a mitochondrial protein that is essential for the correct assembly of complex IV in the respiratory chain. GUS analyses showed HCC1 promoter activity in vascular tissue, guard cells, hydathodes, trichome support cells, and embryos. HCC1 function was studied in two hcc1 T-DNA insertion lines, hcc1-1 and hcc1-2. Gametophyte development was not affected by the disruption of HCC1, but homozygous hcc1-1 and hcc1-2 embryos became arrested at various developmental stages, mostly at the heart stage. Both the wild-type HCC1 gene and the modified gene coding for the C-terminally SNAP-tagged HCC1 were able to complement the embryo-lethal phenotype of the hcc1-1 line. Localization of the SNAP-tagged HCC1 in transgenic lines identified HCC1 as a mitochondrial protein. To determine if HCC1 is a functional homologue to Sco1p, the respiratory-deficient yeast sco1 mutant was transformed with chimeric constructs containing different combinations of HCC1 and SCO1 sequences. One of the resulting chimeric proteins restored respiration in the yeast mutant. This protein had the N-terminal mitochondrial targeting signal and the single transmembrane domain derived from Sco1p and the C-terminal half (including the copper-binding motif) derived from HCC1. Growth of the complemented yeast mutant was enhanced by the addition of copper to the medium. The data demonstrate that HCC1 is essential for embryo development in Arabidopsis, possibly due to its role in cytochrome c oxidase assembly.
Introduction
The transitional metal copper (Cu) is essential for key metabolic enzymes in all organisms. However, due to the high redox capacity of copper, its free metal ion is highly toxic as a source of damaging reactive oxygen species. Consequently, the free ion form of Cu does not exist in living cells (Rae et al., 1999) , and cellular uptake and intracellular delivery of Cu to its targets is tightly regulated. In the model system yeast (Saccharomyces cerevisiae, S. cerevisiae, Sc), Cu is preferentially internalized via the Cu transporter proteins Ctr1p (Dancis et al., 1994) and Ctr3p (Pena et al., 2000) . In the cytosol, copper ions are either sequestered by metallothioneins, delivered to the vacuole for proper detoxification, or bound by a set of specific Cu chaperones: Ccs1p (copper chaperone for SOD) transfers copper to the Cu/Zn superoxide dismutase Sod1p , Atx1p (anti-oxidant 1) delivers Cu to the secretory pathway via the Cu transporter Ccc2p (Ca 2+ -sensitive cross-complementer 2) (Lin et al., 1997) , and Cox17p (cytochrome c oxidase 17) transports Cu to mitochondria (Glerum et al., 1996a) . Cu-loaded Cox17p enters the mitochondrial intermembrane space (IMS), where it transfers Cu to Cox11p and Sco1p (synthesis of cytochrome c oxidase 1) (Horng et al., 2004) for eventual delivery to the two copper centres (Cu A and Cu B ) of the cytochrome c oxidase (COX), the terminal enzyme of the respiratory chain.
Sco1p is an integral protein of the mitochondrial inner membrane (IM) (Buchwald et al., 1991) and plays an important role in the correct assembly of COX (Schulze and Rö del, 1989; Krummeck and Rö del, 1990) . Deletion of the SCO1 gene leads to respiratory deficiency (Schulze and Rö del, 1988) . Rescue of cox17 null mutants by multiple copies of the SCO1 gene suggests that Sco1p plays a role in mitochondrial Cu metabolism (Glerum et al., 1996b) . Consistent with these findings, Sco1p has been shown to bind Cu (Beers et al., 2002) . A metal-binding thioredoxinlike CXXXC-motif, which is essential for Sco1p function is present in the soluble domain that faces the IMS. Experimental evidence indicates a direct interaction between Sco1p and Cox2p (COX subunit 2) (Lode et al., 2000) .
While many data support a role for Sco1p in direct or indirect transfer of Cu to the Cu A centre in Cox2p, an alternative function as a catalytic redox protein has been considered (Chinenov, 2000) . This proposal refers to the structural similarity of Sco1p to redox-active proteins like thioredoxins and peroxiredoxins (Abajian and Rosenzweig, 2006) , and to the observation that sco1 deletion mutants are extremely sensitive to hydrogen peroxide (Williams et al., 2005) .
S. cerevisiae carries a second SCO gene, SCO2, which is almost 60% identical to SCO1. The protein shares many features with Sco1p: binding of Cu, anchoring in the IM, and interaction with Cox2p (Lode et al., 2002) . However, its function is still unknown. Sco2p is unable to substitute for Sco1p, and deletion of the SCO2 gene does not affect respiration (Glerum et al., 1996b) .
In Arabidopsis thaliana (A. thaliana, At), homologous genes for all the previously mentioned Cu chaperones exist, and many of these homologues proved to be functional in complementation studies: AtCCS, the homologue of ScCCS, restored SOD activities in the Atccs knockout mutant (Chu et al., 2005) ; four of the five At copper transporters (COPT) complemented ctr yeast mutants defective in high affinity Cu uptake (Kampfenkel et al., 1995; Sancenon et al., 2003) ; AtCCH complemented the yeast atx1 null mutant (Himelblau et al., 1998) ; and AtCOX17-1, one of two Arabidopsis AtCOX17 homologues (Wintz and Vulpe, 2002) , was able to rescue the yeast cox17 null mutant (Balandin and Castresana, 2002) . For ScCOX11, an At gene candidate with high sequence similarity exists, but functional homology has not yet been demonstrated. As in S. cerevisiae, A. thaliana encodes two homologues of the copper chaperone SCO, HCC1 (At3g08950) and HCC2 (At4g39740). The high degree of amino acid sequence conservation between Sco1/2p and HCC1/2 (;30% identity) suggests that these proteins might be functional homologues. However, only HCC1 possesses the characteristic CXXXC-motif that is essential for copper binding (Glerum et al., 1996a) . Therefore, HCC2 is most probably not engaged in copper metabolism but rather fulfils other cellular functions.
Here, evidence is presented that HCC1 is a functional SCO1 homologue, and insight into the physiological role of HCC1 is provided by analysis of two Arabidopsis hcc1 T-DNA insertion lines.
Materials and methods

Plant material and culture conditions
Wild-type (WT) Arabidopsis thaliana and the T-DNA mutant lines hcc1-1 (SALK_057821, Alonso et al., 2003) and hcc1-2 (GABI-Kat 923A11, Rosso et al., 2003) , all in the Columbia (Col-0) background, were grown on 0.8% (w/v) agar plates with Murashige and Skoog basal salt mixture (MS) and 2% (w/v) sucrose. Kanamycin (30 lg ml À1 ) and sulphadiazine (50 lg ml
À1
) were added for the selection of hcc1-1 and hcc1-2 seedlings, respectively. For the hcc1-1 line, only the original seed stock from the Nottingham Arabidopsis Stock Centre was selectable with kanamycin. Subsequent mutant generations showed suppression of kanamycin resistance. After one week growing on agar, seedlings were transferred to soil (Einheitserde, type P, Pätzer Inc., SinntalJossa) and cultured in long days (16 h) at a light intensity of 150 lmol photons m À2 s À1 , 35% humidity, and 24/21°C day/night.
GUS (glucuronidase) reporter lines
The genomic region 2 kb upstream of the HCC1 start codon was cloned into the plant transformation vector pMDC163 (Curtis and Grossniklaus, 2003) by site-specific recombination (Gateway technology, Invitrogen). Recombination sites (in bold) were introduced into the promoter sequence via PCR using the following primer pair HCC1PattB1F 5#-GGGGACAAGTTTGTACAAAAAAGCAGGCT-TGCTGGCTTGGAATTTCTCC-3# and HCC1PattB2R 5#-GGGG-ACCACTTTGTACAAGAAAGCTGGGTCTGAAGTTCACAAAT-TCGCTG-3#. The PCR product was inserted into the entry vector pDONR221 by BP Clonase II (Invitrogen). The final HCC1 promoter GUS fusion vector pMDC163 was transformed into the Agrobacterium tumefaciens strain GV3101, and transformants were used to generate transgenic A. thaliana GUS lines (ecotype Col-0) with the floral dip method (Clough and Bent, 1998) . GUS lines (T 1 generation) were selected on agar plates containing hygromycin (25 lg ml
À1
).
GUS activity staining GUS staining was performed as described elsewhere (Wolf et al., 2007) .
Transmission analysis WT plants (Col-0) were crossed with hemizygous hcc1-1 mutants (T 3 or T 4 generation). Flower buds were emasculated prior to hand-pollination with the respective pollen donor to prevent selfpollination. The progeny genotype regarding the HCC1 locus was determined by PCR. For genomic DNA extraction, one leaf per plant was ground in liquid nitrogen and suspended in 400 ll extraction buffer [200 mM TRIS/HCl, pH 7.5, 250 mM NaCl, 25 mM EDTA, 0.5% (w/v) SDS]. Cell debris was pelleted by centrifugation. The supernatant (300 ll) was mixed with an equal volume of isopropanol. After a 10 min centrifugation (15 000 g) at 4°C, the pellet was washed with 70% (v/v) ethanol and dissolved in 30 ll of water. Two ll of this solution were used as the template for each PCR reaction. For detection of the WT HCC1 gene, a primer combination spanning the potential T-DNA insertion of the disrupted HCC1 gene was used (E1F 5#-CGTCTGCTCTATG-TAGAACTGC-3# in exon 1, E4R 5#-GAATGGCCTCCAATGG-CTGC-3# in exon 4). An amplicon of 1214 bp indicated the absence of a T-DNA insertion. The disrupted gene was detected by using one primer located in the left border of the T-DNA insertion (LBb1 5#-GCGTGGACCGCTTGCTGCAAC-3#) and another primer in exon 1 (primer E1F), which together yielded a product of 560 bp.
Genotyping of hcc1-2 Genomic DNA was isolated as described under 'transmission analysis'. PCR with the primer 8409 (5#-ATATTGACCATCA-TACTCATTGC-3#) located in the left border of the T-DNA and the primer E5F produced a 200 bp product if the T-DNA was present. The absence of the T-DNA was confirmed by yielding a 570 bp product with a primer combination framing the insertion: E5F (5#-TCAGCAAGTACATGAATATGTC-3#) in exon 5 and E7R (5#-TTACTTCCGGTACTGACGGA-3#) in exon 7.
Embryonic analysis
Green siliques were harvested from 7-9-week-old plants 5 d after flowering (DAF). Zero DAF represented stage 14 of flower development as defined by Smyth et al. (1990) . Ovules were removed and sorted by green and white colour for each silique. After clearing ovules in Hoyer's solution (7.5 g gum arabic, 100 g chloral hydrate, and 5 ml glycerol in 30 ml water) for at least 15 min, the developmental stage of the embryos was determined by light microscopy.
Complementation of hcc1-1 with HCC1 and HCC1-SNAP For both complementation constructs, the open reading frame (ORF) of HCC1 was cloned into the plant transformation vector pGWB501 (Nakagawa et al., 2007) under the control of the genomic region used in the GUS reporter studies. The cDNA clone U19562 (Yamada et al., 2003) from ABRC served as the source for the HCC1 sequence. For the tagged version of HCC1, the stop codon was removed from the HCC1 sequence to fuse the SNAP-tag with the C-terminus of HCC1. The vector pSNAP-tag(m) (New England Biolabs) was used as the PCR template for the SNAP-tag sequence of 531 bp. The primer pair for this amplification contained the following SNAP-specific sequences: 5#-GACTGCGAAAT-GAAGCGCA-3# (forward) and 5#-TTAAGGCTTGCCCAGTC-TGTG-3# (reverse). The reverse primer introduced a stop codon. The respective DNA elements for the two constructs were joined by site-specific recombination (Gateway technology, Invitrogen). The necessary recombination sites were introduced via PCR. The PCR products were inserted into suitable entry vectors by BP Clonase II (Invitrogen). First, the final construct in the binary destination vector pGWB501 was transformed into the Agrobacterium tumefaciens strain GV3101 and then into hemizygous hcc1-1 (T 6 generation) by the floral dip method (Clough and Bent, 1998) . Transgenic lines (T 1 generation) were selected on agar plates containing hygromycin (25 lg ml
À1
). The T 3 generation of one line for each construct was screened for rescued hcc1-1 mutants by PCR as described under 'transmission analysis'. Each rescue was confirmed by two independently isolated genomic DNA preparations.
Preparation of mitochondria
One-hundred mg of seeds were surface-sterilized by treatment with 70% (v/v) ethanol for 5 min followed by a 20 min treatment with 1.4% (w/w) NaOCl and 0.05% (v/v) TWEEN 20. After washing three times with sterile water, the seeds were transferred to a 300 ml shaking flask with 50 ml of liquid MS containing 25 lg ml À1 hygromycin. The flasks were wrapped in aluminium foil to prevent the seedlings from greening and placed on a shaker for 14 d at 24°C
and a speed of 100 rpm. At harvest, seedlings were drained well and weighed. The starting material of 2 g was ground in liquid nitrogen. The following protocol was adapted from Keech et al. (2005) . Since the SNAP-tag needs divalent ions for activity, EDTA was omitted from all solutions. The plant powder was suspended in a cold grinding buffer (0.3 M sucrose, 60 mM TES, 10 mM KH 2 PO 4 , 1 mM glycine, 25 mM tetrasodium pyrophosphate, 1% (w/v) PVP-40, 1% (w/v) BSA, 50 mM sodium ascorbate, 20 mM cysteine, 1 mM AEBSF (4-(2-aminoethyl)-benzensulphonyl fluoride hydrochloride), 13 complete Mini EDTA-free protease inhibitor cocktail (Roche), pH 8.0 adjusted with KOH, at 4°C). BSA, ascorbate, cysteine, and the protease inhibitors were added immediately before use. For 1 g of plant material, 1.5-2.5 ml of grinding buffer was used. The plant solution was filtered first through 50 lm and then 25 lm nylon mesh. The flow-through was centrifuged at 2500 g for 5 min. The pellet contained cell walls and plastids. The supernatant was centrifuged for 15 min at 15 000 g. The resulting supernatant was discarded. The pellet containing the mitochondria was resuspended in 5 ml washing buffer (0.3 M sucrose, 10 mM TES, 10 mM KH 2 PO 4 , pH 7.5 adjusted with KOH). The resuspended mitochondria were subjected to another centrifugation at 2500 g for 5 min to remove the remaining plastids. The resulting supernatant was centrifuged at 15 000 g for 15 min. The pellet represented the mitochondrial crude fraction (MCF). The MCF was resuspended in about 100 ll of washing buffer per gram of starting material. Aliquots of 50 ll were frozen in liquid nitrogen and stored at -80°C. The protein concentrations were determined using the bicinchoninic acid (BCA) protein assay kit from Pierce.
Labelling of the SNAP-tag with biotin
For the labelling reaction with the substrate SNAP-Biotin (New England Biolabs), protein extracts were labelled in a maximum volume of 100 ll containing 1 mM DTT and 30 lM SNAP-Biotin for 1 h at room temperature. All steps were performed as described in the manual by the manufacturer.
SDS-PAGE and protein transfer
Proteins were denatured in a standard SDS loading buffer at 99°C for 5 min and loaded on an 8% SDS gel. After electrophoresis, the proteins were blotted on a PVDF membrane (BioTrace, Pall Life Sciences) by semi-dry transfer.
Detection of biotin-labelled proteins
The membrane was blocked with 1% (w/v) BSA in 13 TBS (150 mM NaCl, 50 mM TRIS-HCl, pH 7.5) overnight at 4°C followed by three washing steps with 13 TBS-T (13 TBS, 0.1% (v/v) TWEEN 20) for 10 min each. The membrane was incubated with alkaline phosphatase conjugated to streptavidin (Vector Laboratories) diluted 1:500 in 13 TBS containing 1% (w/v) BSA for 4 h at room temperature. The unbound streptavidin was removed by three washes with 13 TBS-T for 10 min each. The signal was detected after co-incubation with the substrate CDP-Star (Roche) and the enhancer Nitro-Block-II (Tropix) as described by the manufacturers and after exposure to X-ray films (Hyperfilm ECL, GE Healthcare).
Immunodetection
Immunodetection was performed after detection of biotinylated HCC1-SNAP. The membrane was washed in 13 TBS for 30 min at room temperature and then blocked with 5% (w/v) non-fat dry milk in 13 TBS overnight at 4°C. The blocking agent was removed by three washes with 13 TBS. The polyclonal rabbit anti-COX2 (subunit 2 of COX) serum from Agrisera was diluted 1:2000 in 13 TBS and added to the membrane for an overnight incubation at 4°C. The next day, the membrane was washed three times with 13 TBS for 10 min each and incubated with the secondary antibody goat anti-rabbit IgG-HRP (GE-Healthcare) diluted 1:5000 in 13 TBS containing 1% (w/v) non-fat dry milk either for 1 h at room temperature or overnight at 4°C. After washing three times with 13 TBS for 10 min each, the signals were detected with the ECL Plus system on Hyperfilm ECL (GE Healthcare), as described by the manufacturer.
Yeast strains and media Saccharomyces cerevisiae (Sc) WT strain BY4741 (MATa, his3D1; leu2D0; met15D0; ura3D0; Acc. no. Y10000) and the deletion strain BY4741Dsco1 (MATa, his3D1; leu2D0; met15D0; ura3D0; YBR037c::kanMX4; Acc. no. Y03147) were obtained from Euroscarf (Frankfurt, Germany). Yeast media were prepared as described by Kaiser et al. (1994) . Yeast leu + transformants were selected on minimal medium supplemented with histidine, methionine, and uracil. Growth on non-fermentable substrate was tested on YPGplates containing 1% yeast extract, 2% peptone, and 3% glycerol.
Cloning of AtHCC1
The AtHCC1 coding sequence was PCR-amplified from the ABRC cDNA stock U19562 (Yamada et al., 2003) . The PCR-product was cut with XbaI and HindIII and cloned into the vector p415ADH (Mumberg et al., 1995) .
Cloning of chimeric ScSCO1 and AtHCC1 genes For the creation of chimeric genes composed of portions derived from the ScSCO1 and AtHCC1 genes, genomic DNA of the Sc WT strain BY4741 and the At cDNA U19562 were used as the templates for PCR amplification of the following sequences: the SCO1 promoter region (nt -305-+1; with +1 corresponding to the adenine of the ATG start codon); the mitochondrial targeting sequence of SCO1 (nt 1-96, 'T') alone or as part of nt 1-351; the 5#-truncated versions of HCC1 lacking the putative mitochondrial targeting sequence (nt 1-36, 'T'); the adjacent region 'R1' (nt 37-261) sharing no homology with the yeast counterpart; and the region from nt 262-525 ('R2') that includes the predicted transmembrane segment (nt 373-432). The respective PCR fragments were fused by overlap extension PCR (Pogulis et al., 1996) , and the resulting fragments were cloned into the single copy vector pRS415 (Sikorski and Hieter, 1989) or into vector p415ADH for overexpression.
Accession codes HCC1 gene (At3g08950), HCC2 gene (At4g39740), NOS (V00087), HCC1 cDNA (AY096736), SCO1 gene (SGD:S000000241), and SCO2 gene (SGD:S000000228).
Results
Tissues with HCC1 promoter activity
Transgenic A. thaliana lines expressing GUS under the control of the HCC1 promoter region were generated to identify tissues and cell types with HCC1 promoter activity. Vascular GUS expression was present in adult tissue (e.g. leaves; Fig. 1A ) of plants grown on soil. In addition to the vascular system, guard cells and trichome support cells were stained (Fig. 1B) . In flowers, GUS expression was only detected in the transmission tract of the gynoecium and in vascular veins (Fig. 1C) . Pollen grains showed no staining (Fig. 1C) . After silique maturation, the abscission zone expressed GUS (Fig. 1D) . In seedlings, the guard cells, hydathodes (Fig. 1E) , and the vascular tissue (Fig. 1E-H) showed GUS expression. Prolonged darkness of 10 d did not induce further GUS activity in seedlings (Fig. 1I) .
In ovules, GUS expression was limited to the funicular attachment site and the embryo itself (Fig. 1J, K) . At the very early globular stage, the whole embryo was stained (Fig. 1J) . At later developmental stages, the staining was confined to cotyledon primordia and the resulting cotyledons (Fig. 1K) .
Homozygous hcc1 mutation is lethal
In order to investigate the function of the HCC1 gene in Arabidopsis, two potential loss-of-function mutants, hcc1-1 and hcc1-2, were analysed for phenotypic changes compared with WT. Hcc1-1 and hcc1-2 each carried a T-DNA insertion in exon 2 and exon 6, respectively ( Fig. 2A) . Hemizygous mutants were indistinguishable from WT. Homozygous mutants could not be identified, neither for the hcc1-1 nor the hcc1-2 locus. For hcc1-1, 75 progenies of selfed hemizygous mutants were screened for the homozygous genotype (Table 1 ). The expected percentage of homozygous mutants was 25% according to a 1:2:1 segregation ratio of the three possible genotypes. However, no hcc1-1/hcc1-1 genotype was found. Instead, about one-third of the progeny was WT and two-thirds were hemizygous suggesting a lethal outcome for the homozygous mutation. The equivalent result was obtained in the screening for homozygous hcc1-2 mutants (data not shown).
Gamete function is not affected by hcc1 mutation
The transmission of the hcc1 allele was analysed to find out if the mutation rendered gametes non-functional, explaining the lack of homozygous hcc1 mutants. For the analysis of male gamete function, WT stigmas were pollinated with pollen from hemizygous mutants. Genotyping of the progeny revealed that an equal number of pollen had carried the HCC1 and hcc1-1 allele (Table 2 ). This result showed that the hcc1-1 mutation did not disrupt pollen function.
Similarly, HCC1 and hcc1-1 were transmitted through the female in a 1:1 segregation ratio (Table 2) demonstrating functional female gametes despite the mutation.
HCC1 loss-of-function disrupts the embryo development
The next possibly affected developmental stage by HCC1-loss-of-function was the embryo. Therefore, siliques from hemizygous hcc1 mutants were analysed for abnormal ovules. Indeed, in ripe siliques, seeds with about half the volume of a normal seed were found (data not shown), and in green siliques white ovules, in addition to WT green ones, were detected. For quantification, all green and white ovules (1736 total) from 42 immature siliques from nine hemizygous hcc1-1 plants were counted. In hemizygous hcc1-2 plants, 378 ovules from 11 green siliques from five plants were categorized by colour. The counting revealed that onequarter of all ovules was defective in both mutant lines. This proportion of 25% corresponded to the expected percentage of homozygous hcc1 mutants from selfed hemizygous parents.
To obtain more detail about the defect, white and green ovules were cleared for microscopic analysis. The developmental stage of embryos from white ovules was compared with those from green ovules. Only siliques with green ovules harbouring embryos at the cotyledon stage were included in the statistical analysis. In white ovules, the developmental stage of the embryo varied from globulus to cotyledon (Fig. 2B) . The majority of embryos were at the heart stage, but 4-8% were still at the globular stage. Some ovules contained no embryo at all. Approximately 20% matured into the torpedo stage, but less than 10% developed to the cotyledon stage (Fig. 2B) . The embryos from white ovules, which reached the cotyledon stage, were about 50% smaller with stout cotyledons and were translucent compared with embryos from green ovules (Fig. 2C, D) .
The fact that both mutant lines hcc1-1 and hcc1-2 exhibited the embryonic defect demonstrates that the T-DNA insertion in the HCC1 gene and not an additional T-DNA at a different locus caused the arrest in development. The results also show that the HCC1-loss-of-function mutation is recessive.
In order to confirm that the T-DNA insertion in the HCC1 gene caused the arrest in embryonic development, a complementation strategy was applied. A transgene consisting of the WT HCC1 ORF under the control of the native promoter region was introduced into hemizygous hcc1-1 mutants. Among the progeny from selfed complemented HCC1/hcc1-1 mutants, homozygous hcc1-1 mutants were found (Fig. 2E, left panel) . The existence of these homozygous mutants showed that the presence of the HCC1 transgene rescued embryonic development. The complemented hcc1-1/hcc1-1 plants were smaller compared with their counterparts with a WT HCC1 gene in addition to the HCC1 transgene (Fig. 2E, middle and right panels) . This might be due to missing regulatory elements in the promoter region of the transgene. Nevertheless, the complemented hcc1-1/hcc1-1 mutants produced viable seeds demonstrating that the HCC1 transgene was sufficient for embryo survival.
HCC1 is localized in mitochondria
For localization studies, HCC1 was fused at its C-terminus with the SNAP-tag and expressed under the control of the native HCC1 promoter region in hcc1-1 mutants. The SNAP-tag was chosen because it allows covalent linkage to a variety of labels (Keppler et al., 2003) . In order to rule out that the 20 kDa SNAP-tag interfered with HCC1 function, rescue of the embryo-lethal phenotype by the tagged HCC1 was tested. Hemizygous hcc1-1 mutants were transformed with the HCC1:HCC1-SNAP construct. Fertile plants homozygous for the hcc1-1 mutation complemented by the HCC1-SNAP construct were obtained (Fig. 3A) . As with the plants rescued with the tag-less HCC1 gene (Fig. 2E) , the HCC1-SNAP-rescued plants were smaller than mutants bearing a WT HCC1 gene. The common feature of both constructs was the promoter region which possibly lacked regulatory sequences. The rescue itself showed that the SNAP-tagged HCC1 protein was functional and therefore suitable for localization studies.
Mitochondria were anticipated as possible HCC1-bearing organelles because in a recent proteome analysis, HCC1 was exclusively detected in the density gradient fraction containing mitochondria (Dunkley et al., 2006) . In addition, three different programs, TargetP (Emanuelsson et al., 2000) , WoLF PSORT (Horton et al., 2007) , and Predotar (Small et al., 2004) , predicted a mitochondrial localization of HCC1. Therefore, mitochondria were prepared from WT and HCC1:HCC1-SNAP bearing plants. Mitochondrial crude fractions (MCFs) obtained by differential centrifugation were incubated with SNAP-Biotin to label HCC1-SNAP with biotin (labelling process enabled by the SNAP-tag activity). After SDS-PAGE of the MCFs and subsequent transfer of the proteins on the membrane, biotinylated proteins were visualized with streptavidin conjugated to alkaline phosphatase. Several bands, for example, corresponding to a molecular weight of 81 kDa and 34 kDa (Fig. 3B) , were detected in all samples, independent of the addition of SNAP-Biotin. However, one signal of approximately 51 kDa was only found in HCC1:HCC1-SNAP transgenic plants treated with SNAPBiotin (Fig. 3B) . SNAP activity was not present in WT plants as shown by the MCF from the WT treated with SNAP-Biotin (Fig. 3B) . The observed molecular weight of the HCC1-SNAP fusion protein was slightly less than the expected calculated molecular weight of 56 kDa for the mitochondrially localized HCC1-SNAP fusion protein [57 kDa minus the cleaved off putative mitochondrial targeting sequence of 1 kDa (Fig. 4)] .
No band at 20 kDa was detected (data not shown) suggesting that the SNAP-tag was not removed in a posttranslational process. Therefore, the rescue of the embryolethal phenotype shown in Fig. 3A was indeed achieved by the HCC1-SNAP fusion protein and not by a tag-less HCC1 version of the protein.
In order to see if HCC1-SNAP might be localized in mitochondria and chloroplasts, fractions from the mitochondrial preparation with different mitochondria and chloroplast contents were compared for HCC1-SNAP abundance (Fig. 3C) . The COX2 subunit of the respiratory complex IV was chosen as a mitochondrial marker protein. The large subunit of Rubisco (RbcL) was used as a marker protein for the presence of chloroplasts. For the isolation of mitochondria, two successive centrifugation steps at 2500 g were used to remove chloroplasts from the plant extract as seen by the decreasing amount of RbcL in the two pellets PI and PII (Fig. 3C ). In the final MCF, the amount of RbcL was even lower, whereas the amount of the COX2 protein was the highest compared with the two pellet fractions. The HCC1-SNAP signal correlated with the intensity of the COX2 signal in the fractions PI and PII, arguing against a localization of HCC1-SNAP in chloroplasts. However, unlike the COX2 signal, the HCC1-SNAP signal did not increase any further in the MCF, possibly because of a higher susceptibility of HCC1-SNAP to proteolytic activity than COX2.
Complementation analysis in yeast
The alignment of the Sco1p, HCC1, and HCC2 protein sequences revealed a similar composition with a mitochondrial import sequence and a single transmembrane domain a Progeny analysed from >T 6 generation and after one backcross to the wild type. b According to the chi-square test, probability P <0.001 that the segregation ratio of +/+ to +/hcc1-1 is not 1:2; +, HCC1. According to the chi-square test, probability P <0.001 that the segregation ratio is not 1:1. (Fig. 4) . The copper-binding motif 'CXXXC' was found in Sco1p (amino acids (aa) 148-152) and HCC1 (aa 205-209), but not in HCC2. HCC1 contained a 75 aa stretch (R1) without homology to the other two proteins. The adjacent region R2 showed conserved amino acids among the three proteins, especially in the area corresponding to the transmembrane domain of Sco1p. In order to determine whether the plant protein can functionally substitute for the yeast protein, the cDNA comprising the full-length HCC1 (nt 1-1002) was cloned behind the strong S. cerevisiae ADH1 promoter and transformed into strain BY4741Dsco1, which is deleted for ScSCO1. Transformants bearing the authentic yeast gene on a single copy plasmid (pRS415ScSCO1) served as a positive control (Fig. 5, line 2 ). Transformants were selected on minimal glucose medium lacking leucine, and subsequently tested for growth on medium containing glycerol as the sole carbon source, which requires a functional respiratory chain (Fig. 5, lines 1 and 5) . In contrast to ScSCO, full-length AtHCC1 failed to restore respiratory competence (Fig. 5, line 6 ). To rule out that the import signal of the plant protein prevented proper targeting in S. cerevisiae, the putative Arabidopsis mitochondrial targeting sequence was replaced by the yeast targeting sequence (Fig. 4) . However, this chimera was also unable to rescue the sco1 null mutant (Fig. 5, line 7) . Next, the HCC1-specific region R1 was removed to exclude any negative effect on the proper localization and anchoring of the protein in the IMS. This chimeric protein, consisting of the yeast mitochondrial targeting sequence and the HCC1 lacking R1, also failed to restore respiration of the sco1 null mutant (Fig. 5, line 8 ). However, a chimera bearing the 117 N-terminal amino acids from yeast, which include the mitochondrial import sequence and the transmembrane domain, fused to the 159 C-terminal amino acids from HCC1 conferred slight growth of the sco1 null mutant on glycerol medium, both when expressed from the native SCO1 promoter or when overexpressed (Fig. 5, lines 3 and 9, middle column). This result stresses the importance of the primary sequence of the transmembrane domain for Sco1p function. Growth of the rescued sco1 mutants was significantly enhanced by the addition of 0.5 mM CuSO 4 (Fig. 5 , lines 3 and 9, right column). To demonstrate that the HCC1 portion is necessary for this effect, a stop codon was introduced between the yeast SCO1 and the plant HCC1 sequence. As expected, this construct was not able to substitute for the WT protein (Fig. 5, line 4) .
Discussion
Is HCC1 involved in copper metabolism?
A role of HCC1 in copper metabolism is supported by the following. (i) Binding of copper in the yeast Sco1p is coordinated by two cysteines (Cys148 and Cys152) that are part of the conserved CXXXC-motif, and a histidine residue (His239) (Nittis et al., 2001) . All three contributing amino acid residues are conserved in HCC1. (ii) A chimeric protein consisting of the major C-terminal portion of HCC1 and the N-terminal portion of Sco1p was able partially to cure the respiratory deficiency of yeast Dsco1 mutants. Supplementation of the medium with copper enhanced the growth of these transformants, but not of transformants bearing a control plasmid. This observation clearly shows that HCC1 mediates the beneficiary effect of additional copper. Reasons for the partial cure could be a possibly insufficient affinity of the chimera to the Sco1p target (C) From the mitochondria purification procedure, each pellet from the two centrifugation steps at 2500 g (PI and PII) and the final mitochondrial crude fraction (MCF) were labelled with SNAP-Biotin and analysed for their mitochondria, plastid and HCC1-SNAP content. The starting material was hcc1-1 mutants carrying HCC1-SNAP. A total amount of 100 lg protein of each fraction was separated by SDS-PAGE and blotted onto a PVDF membrane. HCC1-SNAP was detected by alkaline phosphatasecoupled streptavidin, the subunit COX2 (30 kDa) by anti-COX2 antiserum and RbcL by Coomassie staining, all on the same blot. Unrelated lanes between the two pellet fractions and the MCF were removed digitally, but the signals for each detected protein species represent identical exposure times.
proteins or inefficient Cu binding and/or Cu transfer. (iii) A role of HCC1 in copper metabolism is also supported by an increase of HCC1 transcripts after treatment with Cu (del Pozo et al., 2010) .
The complementation data show that HCC1 alone is not able to substitute for the function of Sco1p. Mitochondrial proteins destined for localization in the matrix or IM often carry a-helical N-terminal targeting sequences with a net positive charge. To ensure correct targeting of HCC1 to mitochondria in yeast, its N-terminal 12 and 87 aa, respectively, were replaced with the Sco1p mitochondrial targeting sequence. In a subsequent construct, in addition to the targeting sequence, the adjacent 85 aa (R2) from Sco1p were also chosen to replace the corresponding 88 aa from HCC1. This region included the single transmembrane segment that anchors the protein in the IM, and a short C-terminally adjacent amino acid stretch.
Studies on yeast Sco2p and the human Sco homologues (Paret et al., 1999) had revealed that a charged 13 aa signature following the transmembrane region is critical for Sco1p function in yeast, possibly due to its impact on the spatial orientation of the IM-exposed C-terminal portion or by mediating protein-protein interactions. The corresponding region is not conserved in HCC1 and possesses a different charge pattern. Accordingly, only those Sco1p-HCC1 chimeras with the respective region derived from yeast were found to be functional in this study.
Tissue-specific expression of HCC1
Many of the data from the GUS analyses, such as the expression of HCC1 in juvenile leaves, were consistent with those available from the Genevestigator expression database (Hruz et al., 2008) . However, there were also some inconsistencies. For example, the GUS analyses suggested HCC1 expression in leaf primordia (Fig. 1I ) which was not confirmed by Genevestigator.
This apparent discrepancy may be explained by methodological differences. GUS assays indicate promoter activity Fig. 4 . Protein sequence alignment of Sco1p, HCC1, and HCC2. Primary sequences of the Sco1 protein from S. cerevisiae and of its A. thaliana homologues HCC1 and HCC2 are shown in the one-letter code. R1 denotes the HCC1-specific region. Alignment of region R2 and the adjacent C-terminal part of the proteins is based on the CLUSTALW2 program (Larkin et al., 2007) . Identical amino acids in all three proteins are shadowed in dark grey, conserved ones in light grey. The numbers above (for HCC1) or below (for Sco1p) the aligned sequences refer to amino acid positions. Putative mitochondrial (mt) targeting sequences (T) for HCC1 and HCC2 were predicted using TargetP (Emanuelsson et al., 2000) . The transmembrane segment is marked by asterisks. The three amino acids essential for copper-binding are in bold.
with a single cell resolution, but will not detect possible tissue-specific differences in the half-life of HCC1 mRNA. By contrast, the Genevestigator data are based on quantification of actual transcript levels.
Existence of a HCC1-specific region?
It is quite striking that HCC1 contains a stretch of 75 aa termed R1 (Fig. 4) with no counterpart in HCC2 or yeast Sco1p. The National Center for Biotechnology Information (NCBI) protein database contains two entries for the protein HCC1. One of them (accession code AAM20370) corresponds to the gene model deposited in the Arabidopsis Information Resource (TAIR) database and is the basis of the protein sequence alignment shown in Fig. 4 . However, the NCBI database holds another entry for HCC1 without this region R1 citing experimental evidence. This protein deposited under the accession code AAF07830 starts with a methionine which corresponds to the aa 62 of region R1. If this methionine were encoded by the true start codon, the remaining 26 aa could serve as the mitochondrial targeting sequence, resulting in a theoretical molecular weight of 28 kDa for the processed protein, or 48 kDa for the respective SNAP-tagged version. According to our data, HCC1-SNAP has a molecular weight of approximately 51 kDa, and thus could represent either the 48 kDa or the 56 kDa version of the SNAP-tagged HCC1. Therefore, the existence of a HCC1-specific region cannot be ruled out.
Possible mitochondrial functions of HCC1
The complementation studies in yeast suggest that HCC1 may be involved in the biogenesis of COX, the terminal enzyme of the respiratory chain. This assumption is corroborated by the phenotype of other known cox mutants, namely the two maize mutants non-chromosomal 5 (NCS5) (Newton et al., 1990) and NCS6 (Lauer et al., 1990) , both cox2 deletion mutants. These mutants form ears with aborted kernels, demonstrating embryo lethality identical to the hcc1 mutant phenotype.
An embryo-lethal phenotype is also seen in Arabidopsis ccmh knockout mutants (Meyer et al., 2005) . The CCMH (cytochrome c maturation H) gene (At1g15220) encodes a mitochondrial thiol-disulphide oxidoreductase involved in cytochrome c maturation. Ccmh/ccmh embryos arrest mostly at the torpedo stage without obvious morphological defects. The authors hypothesized that the primary cause for the developmental arrest is a decrease in ATP production due to the lack of functional cytochrome c for the electron flow from complex III to complex IV (Meyer et al., 2005) .
In addition to its role in the production of ATP, complex IV is important for the synthesis of ascorbic acid (Bartoli et al., 2000) . However, the possible loss of this function in hcc1 mutants cannot explain the embryonic lethality, because embryos develop normally in the absence of ascorbate (Conklin et al., 2000) .
As outlined in the Introduction, HCC1 and Sco1p share a conserved structure with disulphide oxidoreductases such as peroxiredoxins and thioredoxins (Chinenov, 2000) . These oxidoreductases act on target proteins by reducing their disulphide bonds. Chinenov (2000) theorized that Scorelated proteins may be required for COX assembly by serving as reducing catalysts rather than delivering Cu. If HCC1 were a redox-active protein, its catalytic function might not be limited to COX subunits, but could apply to other essential disulphide-containing proteins in the IMS.
Future studies are needed to reveal how the function of HCC1 translates into an essential factor in embryonic development. A yeast strain bearing a SCO1 deletion was transformed with the indicated constructs, which were expressed either from a single copy vector by the native SCO1 promoter (upper part) or from a multi-copy vector by the strong ADH1 promoter (lower part). Growth was monitored at 30°C for 3 d (glucose) or 7 d (glycerol) on plates with glucose or glycerol with and without copper supplementation. Chimeric proteins were composed of sequences derived from yeast (light grey) and from A. thaliana (dark grey). T: mitochondrial targeting sequence of Sco1p (aa 1-32) or HCC1 (aa 1-12); R1, HCC1-specific region (aa 13-87); R2, region from Sco1p (aa 33-117) or HCC1 (aa 88-175).
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